Extremely high efficient coupling between long range surface plasmon polariton and dielectric waveguide mode Fang Liu, 1, a͒ To connect the surface plasmon polariton ͑SPP͒ based devices with the conventional dielectric devices is a significant issue for the further development of SPP and related applications. In this paper, extremely high efficient coupling ͑Ͼ99%͒ between long range SPP ͑LRSPP͒ waveguide mode and TM mode of dielectric waveguide has been demonstrated from a hybrid coupler, which composed of an Au ͑LRSPP͒ waveguide and a SiN ͑dielectric͒ waveguide. Based on this hybrid coupler, a polarization splitter with pure TM mode output from one arm and TE mode output from the other arm with high TE/TM extinction ratio has been realized. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3212145͔
Surface plasmon polariton ͑SPP͒ is a kind of transversemagnetic ͑TM͒ surface electromagnetic excitation that propagates in a wavelike fashion along the interface between metal and dielectric medium.
1,2 It has shown the unique characteristics and potential applications on integrated optical circuit, sensing, optical storage, and so on. [3] [4] [5] [6] [7] [8] [9] Compared with general SPP, the long range SPP ͑LRSPP͒ mode has much lower loss 10, 11 and is more sensitive to the refractive index of the dielectric medium surrounding the metal surfaces. 12, 13 Based on these characteristics, the LRSPP related devices, such as splitter, modulator, and sensor have been reported. [14] [15] [16] [17] Recently, a kind of hybrid coupler composed of a LRSPP waveguide and dielectric waveguide͑s͒ has been proposed by our group. It has been predicted theoretically that high efficient coupling can occur between the LRSPP waveguide mode and the dielectric waveguide modes. 18, 19 This kind of coupling between different waveguides is very significant because it could not only provide an effective approach to connect the LRSPP devices with dielectric devices, but also realize a novel LRSPP-dielectric hybrid device, which possess the advantages of both LRSPP and existing dielectric devices. This paper reports the experimental results on the hybrid coupler composed of an Au strip and a SiN strip embedded in SiO 2 . Extremely high efficient coupling ͑Ͼ99%͒ between LRSPP waveguide mode and TM mode of the SiN waveguide has been demonstrated, which is much higher than that reported in Ref. 20 . Due to the different coupling characteristics for TM and TE mode, a polarization splitter with pure TM mode output from Au waveguide and TE mode output from SiN waveguide with TE/TM extinction ratio of 24 dB has been realized. raphy, which was to fabricate the concave photoresist strip by adopting the UV lithography again, was very important to make sure that the Au strip ͑concave photoresist strip͒ was parallel to the SiN waveguide and meanwhile control the distance D between these two different arms as 4 m. At last, as the cover layer on the SiN and the Au strip, another 1 m thick SiO 2 ͑n b = 1.453͒ was sputtered and 9 m thick SiO 2 ͑n sup = 1.448͒ was deposited by PECVD successively. The two 1 m thick SiO 2 layers prepared by sputtering were to make sure that the refractive index of the dielectrics above and beneath the Au strip are almost the same. Figure 1͑b͒ shows the photo of the hybrid coupler under microscope. To realize the high efficient coupling between the two different waveguides, the sputtering speed of Au was controlled as 2-3 nm/min for exact Au waveguide thickness. The 10 nm level Au film was observed by the transmission electron microscope and the photo is shown as the inset of Fig. 1͑b͒ .
After the fabrication processes, the hybrid coupler was cut into several samples with different length L. The measurement system for coupling characteristics includes a tunable laser ͑1350-1630 nm͒, a polarization controller, an input tapered lens fiber, a precise fiber alignment system, an output tapered lens fiber, and a power meter. The polarization controller was used here to control the polarization ͑TM and TE͒ of the input light to investigate the coupling characteristics for different polarizations.
First, setting the wavelength of input light at 0 = 1.55 m and switching the polarization to TE mode, the field profile at the output end of the hybrid coupler was measured by fixing the input fiber to the center of the SiN waveguide at one end and scanning the output fiber along x axis at the other end. Figure 2 shows the measurement results of four samples with different marks when L = 1.7 mm and the corresponding simulation result of two-dimensional ͑2D͒ TE output power profile is obtained by calculating the coupled eigenmodes of the hybrid coupler with finite element method and then expanding the input by the coupled eigenmodes to study the coupling questions. 18 It can be seen that the measurement results are well fit by the solid line of the simulation result, which illustrates the optical power received by the tapered fiber with 1 m mode size along the white dashed line marked in the inset. It can be noticed that no TE output can be detected from the Au strip, which is consistent with our theoretical prediction, namely TE mode cannot couple to the LRSPP waveguide mode. 18 Similar measurement results were obtained for the samples with different length and different input wavelength. The measured loss of TE mode is about 0.23 dB/mm. Compared with the simulated value of 0.083 dB/mm, the higher loss may mainly result from the imperfect fabrication of the SiN strip.
When TM mode was applied on the SiN waveguide at the wavelength of 0 = 1.55 m, the output power distribution changed dramatically. The output power can be detected from not only the SiN waveguide but also the Au waveguide. Figure 3͑a͒ shows the normalized output power coupled to the Au waveguide ͑square͒ and remained in the SiN waveguide ͑dot͒ with different interaction length L from 0.5 to 2.6 mm. The measured power at the output end of both waveguides are well fitted by the solid curves of sin 2 ͑L͒, where = k 0 ϫ⌬n eff and ⌬n eff = ͉n e -n o ͉ is the effective refractive index difference between the even and odd modes, as shown in Fig. 3͑b͒ . Theoretical analysis indicates that the energy transfer between two different waveguides results from the existence of the two coupled eigenmodes ͑even and odd mode͒ and their different effective refractive index. 18 The high symmetry of the eigenmodes shown in Fig. 3͑b͒ means the high coupling efficiency between LRSPP and dielectric waveguide modes.
Figures 4͑a͒ and 4͑b͒ show the output power distribution along x axis measured for the samples with L = 0.7 and 1.7 mm, respectively. The simulation results of 2D output power profile of the TM mode are also shown in the inset of Fig. 4 , like that of the TE mode in Fig. 2 . The measured data are well fit by the solid lines, which illustrate the simulated optical power received by the tapered fiber along the white dashed line marked in the corresponding inset. For the case of L = 0.7 mm, almost 40% of the energy couples from SiN waveguide to Au ͑LRSPP͒ waveguide, while when L = 1.7 mm, 98% of the energy couples to the Au waveguide with little energy remaining in the input SiN waveguide. For the hybrid coupler with L = 1.7 mm, the TM loss is about 1.26 dB, which is much higher than the simulated value of 0.288 dB and could be reduced by improving the fabrication technique.
For the sample with length L = 1.7 mm, the proportion of the TM mode coupled to the Au strip ͑square͒ and that remained in SiN waveguide ͑dot͒ were measured by scanning the wavelength 0 from 1.425 to 1.625 m, as shown in Fig. 5 . An extremely high coupling efficiency, as high as 99.75%, was observed at the wavelength of 0 = 1.485 m, which is higher than that measured at 0 = 1.55 m. The solid line is the simulation result, which is almost consistent with the measurement results. It can be seen that the coupling efficiency is higher than 99% for the wavelength range from 1.465 to 1.510 m. The wavelength corresponding to the highest coupling efficiency could be moved to 1.55 m by adjusting the structure parameters.
Considering the above measurement results, it is easy to notice that the coupling characteristics are quite different between TE and TM mode. Therefore, a high performance polarization splitter can be realized. Pure TM mode without any noise of TE mode can always be obtained from Au strip for different wavelengths. And the TE mode output with high TE/TM extinction ratio, as high as 24 dB, was derived from the SiN waveguide. Our further theoretical study also shows that the coupling characteristics between LRSPP mode and dielectric waveguide mode is rather sensitive to the dielectric refractive index on metal surface, which is promising for a high sensitive refractive index sensor and optical intensity modulator with very low driving power. 21 In conclusion, a hybrid coupler, with a thin Au ͑LRSPP͒ waveguide and a SiN ͑dielectric͒ waveguide embedded in SiO 2 , has been fabricated. Extremely high efficient coupling ͑Ͼ99%͒ between LRSPP waveguide mode and TM polarized dielectric waveguide mode has been observed. Based on this hybrid coupler, a polarization splitter with pure TM mode output from Au waveguide and a TE mode output with high TE/TM extinction ratio of 24 dB from SiN waveguide has been realized. Furthermore, other functional devices, such as sensor and modulator, could also be derived. 
